ABSTRACT: Medial opening wedge high tibial osteotomy (HTO) makes the proximal tibia a highly unstable structure and causes plates and screws to be the potential sources for mechanical failure. However, asymmetrical callus and incomplete bone formations underneath the plates (TomoFix) have been recent concerns in clinical and experimental studies related to HTO due to the high stiffness. The purpose of this study was to evaluate the biomechanical effect of the TomoFix plate system with respect to changes in design using a computational simulation. A parametric three-dimensional model of HTO was constructed from medical image data. The design parameters for the HTO plate were evaluated to investigate their influence on biomechanical effects, and the most significant factors were determined using Taguchi-style L27 orthogonal arrays. Multi-objective optimization was used to identify the wedge micromotion stability without the stress shielding effect that occurs in the bone plate. The initial design showed that the high stiffness of the plate caused stress shielding on the bone and plate. However, the optimal design led to sharing the stress and load with the bone plate to eliminate stress shielding. In addition, the stability required for the plate could be found in the micromotions of the wedge for the optimal design. The optimal condition of design parameters was successfully determined using the Taguchi and multi-objective optimization method, which was shown to eliminate stress shielding effects. The results showed that an optimal design demonstrated the feasibility of design optimization and improvements in biomechanical stability for HTO. ß
High tibial osteotomy (HTO) is a popular surgical treatment for correct knee (varus) malalignment and prevent unicompartmental osteoarthritis of the knee. 1 HTO is a well-known surgical technique for the treatment of compartmental arthrosis of the knee joint, especially for young patients or patients younger than 60 years of age. 2 Selection of the appropriate patients, extensive preoperative planning and accurate surgical technique are key factors for the successful outcome of osteotomy. 3 However, in addition to the key factors mentioned above, the initial fixation strength of fixatives for open wedge osteotomy and maintenance of its stability until complete healing of the opening gap are very important for successful clinical results and the healing of osteotomy. 4 Many fixation systems with a combination of short or long, locked, or unlocked, and with or without a metal block in rectangular or tapered shapes have been introduced for medial open wedge HTO. Biomechanical and clinical comparative studies often help surgeons to choose the most appropriate fixation device for the osteotomy. [5] [6] [7] From those devices, in clinical fields, the TomoFix plate (TomoFix Osteotomy System; DePuy Synthesis, West Chester, PA) has been widely used for its superior biomechanical properties compared with other devices. 5, 7, 8 Raja Izaham et al. 8 suggested that the plate provided superior stability for bony fixation in HTO procedures over the Puddu (Arthrex Inc., Naples, FL) plate using finite element (FE) analysis. Luo et al. 6 reported that HTO plates involved a trade-off between surgical convenience, construct stability, and the stress-shielding effect using a computational simulation. However, several authors recently reported satisfactory clinical outcomes for HTO using the TomoFix plate. 9, 10 Although the TomoFix plate provides biomechanically stable fixation, it is too large and long for Asian patients, which may lead to local irritation. 5 R€ oderer recently reported that delayed bone healing following high tibial osteotomy is related to increased implant stiffness. 11 However, it could also caused by biologic consequence of incomplete bone reconstruction in various defect sizes (correction angulation between 5-18˚). To achieve an ideal fracture-healing scenario, sufficient interfragmentary tissue strain is required under loading of the operated extremity, which should be ideally approximately the same underneath the implant and on the opposite side of the bone. 12 In current implants, this does not always appear to be the case because of low interfragmentary movement (IFM) and tissue strain underneath the plate. 12, 13 Consequently, this could impair fracture healing, leading to complications such as delayed or nonunion and secondary displacement requiring revision surgery. 11 This problem could be solved by modifying the TomoFix plate design so that a superior biomechanical property is maintained. Design optimization was performed using numerical algorithms to determine the most appropriate design. The optimum design provides the best performance with respect to a given performance condition and simultaneously satisfies any design space limitations.
The purpose of this study was to evaluate the optimum geometry of the TomoFix plate HTO with respect to fixation stress and stability by using an FE simulation and optimization analysis. The most significant factors for the fixation stability were evaluated using the design of experiments (DOE) approach in the initial model. Based on these significant factors, a design optimization was performed with these objective functions using the multi-objective nondominated sorting genetic algorithm (NSGA) algorithm. The optimal model aimed to maintain stability and prevent a stress shielding effect. We hypothesized that the plate with biomechanical properties clinically required could be designed using an optimization procedure.
MATERIALS AND METHODS
Development of Three-Dimensional Medial Opening Wedge HTO Model Image data of a knee joint for a male whose age, weight, and height were 36 years old, 78 kg and 178 cm were acquired via computed tomography (CT) and a magnetic resonance imaging (MRI) scanner. The medical records for the subject showed neutral lower limb alignment without any anatomical abnormality, previous operation, or arthritis. The medical imaging was performed by using a 64-channel CT scanner (Somatom Sensation 64; Siemens Healthcare, Erlangen, Germany) and 3.0-Tesla MRI scanner (Achieva 3.0T; Philips Healthcare, Netherlands). CT and MRI scans were performed with slices of 0.1 mm and 0.4 mm thickness, respectively. The process of combining the reconstructed CT and MRI models with the positional alignment for each model was achieved with Rapidform commercial software (version 2006; 3D Systems Korea, Seoul, Republic of Korea).
The digital medical image data were imported into the 3D model reconstruction software Mimics (version 14.0; Materialise, Belgium), which was used to generate a 3D geometrical surface of the tibia at full extension. The procedure for developing a 3D model through a 3D reconstruction was shown in our previous study. 14 The segmented images were exported in initial graphics exchange specification (IGES) format and were further processed using 3D parametric modeling software (Unigraphics NX version 7.0; Siemens PLM Software, Torrance, CA) to develop geometric models.
The healthy knee model was used to simulate medial opening wedge HTO with the rotation of the distal for the tibia in the coronal plane to generate a valgus correction angle (Fig. 1) . A gap in the opening wedge of 10 mm was simulated by removing a wedge-shaped bone from the proximal tibia (Fig. 2) . 6, 8, 15, 16 The position of the tibial opening wedge was constructed based on existing intra-operative techniques. 17 The TomoFix plate modeled in Unigraphics NX was virtually implanted into the medial tibia to simulate medial opening wedge HTO fixation. 18 Since the correction angle varies in the individual, the final alignment refers to the angle between the femoral and tibial mechanical axes, with an hip-knee-ankle (HKA) angle of 0˚defined as a neutrally aligned knee with positive or negative deviations related to varus or valgus alignment, respectively. 18 The TomoFix has a total of eight screw holes and there were locking head screws between the screw and plate.
Development of Finite Element Model
The femur and fibula were assumed to be rigid bodies, while the tibia and articular cartilage were modeled as a linear elastic and isotropic material, and the menisci were modeled as a linear elastic and transverse isotropic material, since the loading period for a fully extended leg touching the ground is much shorter than any possible viscoelastic response. 19, 20 The articular cartilage was defined as an isotropic and linear elastic material with E ¼ 15 MPa and n ¼ 0.47, in which a time-independent and simple compressive load was applied to the knee joint. 21 Menisci were modeled as transversely isotropic linear elastic materials with different mechanical properties in the circumferential, axial, and radial directions. 21 The following material properties were used: E ¼ 120 MPa in the circumferential direction, E ¼ 20 MPa in the axial and radial directions, v ¼ 0.2 in both the circumferential and radial directions, and v ¼ 0.3 in the axial direction. 21 To better simulate the mechanical role of the menisci, the anterior, and posterior horns of the medial and lateral menisci were attached to their anatomical insertion points across the tibial plateau. To simulate meniscal attachments, each meniscal horn was fixed to the bone using 
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linear spring elements ("SPRINGA" element type) with a total stiffness of 2,000 N/mm at each horn. [21] [22] [23] The major ligament models were defined as hyperelastic rubber-like materials, which represented nonlinear stress-strain relationships. [24] [25] [26] The initial ligament strain model was developed based on a previous study. 20 Young's modulus for the tibia was 17 GPa and 5 GPa for the cortical and cancellous bones, respectively, and Poisson's ratio was 0.33. 6, 15 The material properties of the titanium alloy used in the HTO plate were 110 GPa for Young's modulus and 0.3 for Poisson's ratio. 8 A bone graft was removed in the FE analysis to simulate the worst-case scenario for implant loading.
Contacts were established between the femoral cartilage and the menisci, the menisci and the tibial cartilage, and the femoral and tibial cartilages for both the medial and lateral sides, resulting in six contact pairs (Fig. 3) . A frictionless surface-to-surface tangential contact with a nonlinear finite sliding property was used to simulate articular surfaces. 20, 21 The interfaces between the tibia plate and the tibia screw were modeled by using surface-surface contact elements, which allow for separation and slippage. 6, 8, 15, 27, 28 Friction and hard-contact interfaces were modeled. The friction coefficient was assumed to be 0.3 for the tibia plate, and 0.2 for the tibia screw interfaces. 27, 28 The locking screws of the HTO plate were simulated to rigidly bond with the plate holes. 6, 8, 15, 27 The distal end of the tibia was fixed in all degrees of freedom.
An analysis was conducted using the commercial FE software ABAQUS (version 6.11; Dassault Syst emes, V elizyVillacoublay Cedex, France). Mesh convergence tests were performed to complete the simulation. Convergence was obtained if the relative change between two adjacent meshes was <5%. The average element sizes were 0.8 mm each for the cartilage and menisci.
Loading and Boundary Conditions
This FE investigation included three types of loading conditions corresponding to the loads used in the experimental study for model validation and model predictions for clinically relevant loading scenarios. For model validation, identical simulated loading protocols were applied in the experiment.
In the first loading condition, 150 N was applied to the tibia with 30˚and 90˚flexion in the FE knee joint to measure the anterior tibial translation (ATT) and posterior tibial translation (PTT), respectively. 29 In addition, a second axial loading of 1,150 N was applied to the model to obtain the contact pressures for a comparison with a published study on the knee joint FE analysis. 30 The third loading condition involved clinically relevant loading for each configuration Figure 2 . Schematics for the opening wedge HTO. Three edges aa, bb, and cc along the medial opening were defined for the height changes evaluation under weight-bearing condition. under the same load conditions. A vertical compressive force was applied to the knee joint in full extension. A force of 2,500 N corresponding to 3.1 times the body weight of a person weighing 80 kg was applied, which is equivalent to the maximal axial force during the gait cycle (Fig. 3) . 31 In all tests, the tibial bone was completely constrained to its distal end (Fig. 3) . 6, 8, 15, 27 Sensitivity Analysis Using Design of Experiments The experimental design was constrained by the relatively large number of factors to be examined, the potential variations of effects and significant interactions among the factors. In order to analyze the sensitivity of the TomoFix plate, a parametric model was developed by setting out the design variables. Based on the model, nine geometric design variables for the TomoFix plate were determined and are depicted in Figure 4 . The thickness of the plate was excluded from the design variables. To assess the results obtained in the parametric study, it is necessary to define a parameter that characterizes the performance of the system for each treatment condition. 32 In the current study, results were analyzed for micromotion in a wedge. In DOE, the important factors are determined from all parameters by calculating the effect of the variables on the results. To perform a sensitivity analysis, the L27 orthogonal array was defined. Its details are listed in Table 1 . This orthogonal array indicated the range of design according to parameter levels (variation of AE10% from the initial value) ( Table 2) .
For DOE-based sensitivity analysis, different parameter levels were applied to the results for FE analysis, and they were evaluated using statistical analysis methods such as the analysis of means (ANOM), followed by a determination of the important design factors from this analysis. The average micromotion was evaluated using the micromotion at each level. This was important because of the consideration for the sum of squares of deviations (SSD), which was calculated from the difference between the average micromotion and those of each level. A design variable with a high SSD value was considered to be a more sensitive design variable compared with the others.
Design Optimization of HTO Plate
The less important factors were removed through a sensitivity analysis based on DOE, and a design optimization was performed using Isight (version 5.9; Dassault Syst emes). Optimization was conducted by using the nondominated sorting genetic algorithm (NSGA2). This was proposed in the A  B  C  D  E  F  G  H  I   #01  1  1  1  1  1  1  1  1  1  #02  1  1  1  1  2  2  2  2  2  #03  1  1  1  1  3  3  3  3  3  #04  1  2  2  2  1  1  1  2  2  #05  1  2  2  2  2  2  2  3  3  #06  1  2  2  2  3  3  3  1  1  #07  1  3  3  3  1  1  1  3  3  #08  1  3  3  3  2  2  2  1  1  #09  1  3  3  3  3  3  3 2  #22  3  2  1  3  1  3  2  2  1  #23  3  2  1  3  2  1  3  3  2  #24  3  2  1  3  3  2  1  1  3  #25  3  3  2  1  1  3  2  3  2  #26  3  3  2  1  2  1  3  1  3  #27  3  3  2  1  3  2  1  2  1 DESIGN OPTIMIZATION OF HTO USING FINITE ELEMENT ANALYSIS previous study as a suitable method for solving multiobjective problems. 33 The Pareto optimal solutions were evaluated with a combination of design factors and labeled as nondominated, in which there is no better solution suggested. 34 In this study, the main parameters from DOE were used to solve the optimization problem.
In order to obtain the 100 mm and 150 mm of wedge micromotions at bb and cc, respectively, and the minimal von Mises stress on the plate, the multi-objective function was calculated for the optimal design parameters using NSGA-II. Based on the initial design, a plausible range was determined with respect to position changes of the plate and screw, and simulations were performed 1,000 times with variations at a maximum of À20%.
The von Mises stress for the plate and bone was evaluated in both TomoFix and optimal plates, followed by investigation of shielding effect. In addition, the construction stability for measuring changes in height at edges aa, bb, and cc of the opening were evaluated (Fig. 2) . Figure 5 shows the results of a sensitivity analysis of the TomoFix plate. These wedge micromotions were evaluated with a large variation from the average value and a large difference based on Levels 1, 2, and 3. The high SSD value was calculated, and it was considered an important design variable in the HTO design except for variables I. Based on this process, the contribution ratio was calculated as a percentage of the total SSD. The sensitivity analysis results are summarized in Table 3 . Based on the sensitivity analysis, parameter I was found to have lower contribution ratios compared with the other variables. Therefore, these variables were not considered in the optimization process. Based on the sensitivity results, the optimization process was performed using NSGA-II.
RESULTS
Sensitivity and Optimization Analysis of Design Variables for HTO Plate
Intact Model Validation
To validate the FE model, it was compared with the results from the experiment with own subject. In the loading condition with 30˚flexion, ATT was 2.83 mm in the experiment and 2.54 mm in the FE model; PTT was 2.12 mm in the experiment and 2.18 mm in the FE model for validation. Similarly, with 90˚flexion, ATT was 3.32 mm in the experiment and 3.09 mm in the FE model; PTT was 2.64 mm in the experiment and 2.71 mm in the FE model. This indicated good agreement between the experimental results and the FE model. 29 In addition, it was also compared with previous experimental results for model validation. An average contact pressure of 3.1 MPa and 1.53 MPa was observed on the medial and lateral meniscus, respectively, under an axial load of 1,150 N. Both were within 6% of the contact pressures 2.9 MPa and 1.45 MPa, as reported by Peña et al. 30 These minor differences could be caused by variations in the geometry such as the thickness of the cartilage and meniscus between different studies. However, overall, the considerable consistency between the results of validation and literature confirmed the ability of this FE model to provide reasonable results.
Comparison of the Stresses on the Bone, Plate, and Screw of the Optimal Design Plate and TomoFix Plate Figure 6 shows the average stress on the bone, plate, and screw for the optimal design and TomoFix plates. The average stress on the bone was 7.1 MPa and 11.3 MPa in the TomoFix plate and optimal design plate, respectively. The stress on the bone for the optimal design plate increased by 59% compared with the TomoFix plate. The average stress on the plate was 42.1 MPa and 32.6 MPa in the TomoFix plate and optimal design plate, respectively. The stress on the optimal design plate decreased by 22% compared with the TomoFix plate. The average stress on the screw was 36.7 MPa and 38.7 MPa in the TomoFix plate and optimal design plate, respectively. Figure 7 shows the stress distributions on the bone and plate for both the optimal design and TomoFix plates. The stress on the bone was consistently concentrated in the lateroposterior side. This result reveals valuable information about the creation of the HTO wedge at the posterolateral region. In both models, the stress was concentrated in the posterior region of the T-shaped plate and the overall region in which the opening wedge was supported by the plate. In addition, on the inner surface, the stress was concentrated in the region where the wedge was connected to the proximal and distal screw. However, it could be found that the stress was less concentrated in the optimal design plate.
Comparison of Micromotion for the Optimal Design Long Plate and TomoFix Plate
The changes in the three wedge heights at aa, bb, and cc under compressive load were determined as shown in Figure 8 . For both plates, the opening wedge at edge cc was compressed, and the greatest micromotion was found compared with that of the other edges. Nearest the wedge tip, the least micromotion was found in edge aa. The compressive loads were exerted in the opening wedge at the edges bb and cc, whereas the tensile load was exerted at edge aa for both plates. The micromotion in the optimal design plate increased by average 16% than TomoFix plate. 
DISCUSSION
The most important finding of this study was that the stress shielding effect was reduced as stability was maintained. Therefore, the present biomechanical study confirmed our hypothesis. The medial opening is an unstable condition that resists surgical and physiological loads. The bone union at the opening region is biomechanically achieved by stabilizing the fixation device. This study suggested three factors concerned with the stabilization of the medial opening: (1) stress on the plate lower than the yield strength of the implant material (no permanent deformation); (2) micromotion between 100 mm and 200 mm with maintained stability for callus formation and mineralization; and (3) effective load-sharing mechanism at the bone and plate. 6, 15 We evaluated these three factors in order to confirm its validity. First, the maximum von Mises stress on the plate was evaluated for the failure of the HTO plate. Second, for callus formation, mineralization, and stability, the micromotion at the wedge was evaluated. Finally, the average stress was evaluated to determine the effect of load sharing (stress shielding) on the bone and plate. In this study, multi-objective optimization was performed to find a range of optimal design for balancing stress on the bone and plate, and to determine the wedge micromotion between 100 mm and 200 mm for realistic biomechanical decision-making. In addition, the stress on the bone, plate and screw, and wedge micromotion were evaluated for the TomoFix plate and the optimal design plate. The stress on the bone and screw increased, while the stress on the plate decreased in the optimal design plate compared with the TomoFix plate. For both plates, the stress did not reach failure stress for the materials. In addition, the trend of the average stress on the bone in the TomoFix plate was similar to that of a previous study. 8 Progressive loss of correction is a crucial complication in medial opening wedge HTO. Proper surgical techniques with fixation having sufficient strength are required. The strength in the fixation system is critical to prevent the progressive varus collapse of osteotomy in early postoperative periods. Insufficient strength in the fixation system may lead to the collapse of an opening gap in the early postoperative periods. A significant part of this problem requires the revarization of the lower extremity. Although the TomoFix plate showed stability with rigid fixation, this may be a disadvantage from the clinical perspective because the stress shielding effect may cause severe osteoporosis in the long term, as demonstrated in previous studies. 11, 35 The average stress on the bone and plate for the optimal design plate showed that load sharing, not load bearing, could be found with respect to changes in design. In other words, the optimal design plate reduced the stress shielding effect that was a weak point in the TomoFix plate. A previous study found that very stiff locking plates prevent sufficient micromotion for the stimulation of new bone formation in the osteotomy adjacent to the plate. 11 They found that the HTO patients were well suited to investigate the effect of high implant stiffness that resulted in diminished bone formation because the HTO is a more standardized clinical scenario compared to situations where patients have a fracture. 11 The open-wedge technique provides a larger interfragmentary gap, which is often the situation for the fixation of metaphyseal comminuted fractures where an exact anatomical reduction is frequently impossible. The combination of large interfragmentary gaps, which induce delayed bone healing, and low interfragmentary movements, which suppress bone formation underneath stiff plates and thus diminish bone-healing capacity, potentially result in increased complication rates. 13, 36 However, our optimal design plate became shorten than TomoFix plate and reduced stiffness to prove stress shielding prevention.
Previous studies hypothesized that the plate serves as a fulcrum to transmit the loading to the knee joint from the proximal to the distal bones. 6 In the sagittal Figure 6 . Average stresses comparison for the bone, plate and screw for both TomoFix and optimal design plates. plane, the nonuniform distribution of the loads in the knee joint potentially induce an anti-clockwise moment to the tibial plateau. 6 The original loads and induced moment were balanced by the plate and remaining cortex at the wedge tip, such as edge cc. 6 The anterior region is mainly subject to the tensile loads and the majority of the compressive loads transmitted through the posterior region. The moment arm spanned by the legion may reduce the momentinduced stress on the plate. However, it is effective in force-couple mechanism because the optimal design plate can provide a wider posterior support.
The height changes in the edges aa, bb, and cc were regarded as the indices of the HTO plate stability. The TomoFix plate provided less micromotion compared with the optimal design plate, indicating the rigid stability of the TomoFix plate. In a previous study, micromotions of other systems consistently exceeded the reported maximum value (>100 mm) of the allowable movement for the bone union. 37 Adequate micromotion of fracture interfaces can improve callus formation. 38, 39 Traditionally, the trade-off between rigid fixation and interfacial micromotion is still unknown. 6, 11 One of the limitations of the medial open wedge HTO is a relatively long rehabilitation period with crutches for around 6-8 weeks. A loss of fixation stability during these 2 months may compromise healing. A more rigid fixation type causing an earlier weight bearing is clearly desired. Brinkman et al. 40 showed in a consecutive series of 14 osteotomies with angle-stable TomoFix fixation that early full weight bearing, as soon as pain and wound healing permits, has good clinical outcome without the loss of correction. However, micromotions at edges bb and cc were maintained as required in the optimization of the optimal design plate using the multi-objective function. In other words, it satisfied the biomechanical property of the plate. In addition, the optimal design plate satisfied the stability in the HTO plate via increased bone stress and decreased plate stress to reduce the stress shielding effect. In other words, our results showed that the optimal design plate provides sufficient stability with load sharing throughout the design optimization.
As FEA has been widely used, it has the potential to predict the preoperative consequential mechanical environment of the knee joint for the surgeon to decide the patient-specific optimal design implant.
Although our study provided some valuable insights into the biomechanical roles of medial opening wedge HTO plate design, it should be interpreted in the context of its limitations. First, simulations were performed only under static conditions because the idealistic dynamic motion of the joint was too prohibitive in terms of computing resources and time. In future studies, we may explore a more suitable representation of the joint as well as an analysis of the system under cyclic loading. Second, only cortical and cancellous bones were modeled with material properties referred by literature references. In reality, the properties of bone could be varied by the age and history of the disease. Finally, we verified the optimum design plate using a single subject. However, the purpose of our study was to evaluate improvements in biomechanical effects with a modified design through an optimization process. In addition, the advantage of a computational simulation using a single subject is that we could determine the effects of design of HTO plate within the same subject without the effects of variables such as weight, height, bone geometry, and material properties. 41 However, our study has strength over current computational modeling studies. Screw and bone modeling was bonded in most previous biomechanics studies using computational simulations. This approach is beneficial and time efficient in computational work with no contact conditions. 6, 8, 15, 27 However, the bonded condition reflected osteointegration in the bone, and we aimed to investigate postoperative results in a short-term follow-up. Therefore, more realistic contact conditions between the screw and bone were applied.
CONCLUSION
The present study attempted to address the development of the optimal design of the HTO plate while maintaining its stability and reducing the stress shielding effect throughout design optimization. This study demonstrated that the shape optimization of an HTO plate can lead to remarkable improvements in biomechanical performance. This may be beneficial in quantitative predictions of the loading consequences to select an optimal design plate for an individual patient.
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